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We report a systematic study of Sm valence in the prototypical intermediate valence compound
SmB6. Sm mean valence, vSm, was measured by X-ray absorption spectroscopy as functions of
pressure (1 < P < 13 GPa) and temperature (3 < T < 300 K). Pressure induced magnetic order
(MO) was detected above Pc = 10 GPa by resistivity measurements. A shift toward localized
4f state with increasing P and/or T is evident from an increase in vSm. However vSm at Pc is
anomalously far below 3, which differs from the general case of nonmagnetic-magnetic transition
in Yb and Ce compounds. From the T dependence of vSm(P, T ), we found that vSm(P, T ) consists
of two different characteristic components: one is associated with low-energy electronic correlations
involving Kondo like behavior, and the other with high-energy valence fluctuations.
PACS numbers: 71.27.+a, 75.20.Hr, 75.30.Mb, 78.70.Dm
The emergence of a wide variety of physical phenom-
ena in f electron systems, namely lanthanide and ac-
tinide compounds, is still of considerable interest. One
of key parameters governing the properties of the f elec-
tron systems is hybridization between conduction and f
electrons (c-f hybridization). In some compounds, the
effective c-f hybridization is changeable depending on
external parameters, including temperature T and pres-
sure P [1]. In a strongly hybridized state, a nonmagnetic
ground state evolves and valence fluctuations of the lan-
thanide and actinide ions are brought about. On the
other hand, well localized f electrons tend to form a
long-range magnetic order (MO) through the Ruderman-
Kittel-Kasuya-Yosida (RKKY) interaction. These two
characters generally compete with each other. However,
it is well known that some actinide compounds, particu-
larly U compounds with multi 5f electrons, exhibit the
duality between the itinerant and localized nature of 5f
electrons.
The measurement of the valence of lanthanide ions is
one of the most informative methods to evaluate not only
total angular momentum J , but also the degree of the lo-
calization: in the case of Ce, Sm and Yb compounds, the
trivalent state of the lanthanide ions corresponds to the
strong localization of the f electrons, while an increase in
a divalent component (a tetravalent component for Ce)
indicates a stronger hybridization. Note that the appli-
cation of this process to the U compounds is not easy
∗Electronic address: mito@sci.u-hyogo.ac.jp
because of difficulties in determining U valence experi-
mentally.
In this letter, we propose that SmB6 is one of a new
class of lanthanide compounds showing a sort of dual-
ity from a systematic valence measurement. SmB6 is
the prototypical intermediate valence compound with Sm
mean valence of ∼ 2.6 at room temperature and ambient
pressure. SmB6 shows a semiconducting property with a
narrow gap of 50 ∼ 100 K [3, 4], whose origin is intimately
related to the effectively T dependent c-f hybridization
[5]. The ground state of SmB6 drastically changes with
pressure: the insulating gap collapses at Pc = 10 GPa
[6] and simultaneously an MO phase appears below ∼ 12
K [7]. However the details of f state around Pc has not
been clarified despite intensive studies of this compound
since 1960s.
For SmB6, the estimation of the Sm valence at high
pressures was attempted by various methods [8, 9]. A
recent study of resonant x-ray emission spectroscopy in-
dicates that the intermediate valent state persists up to at
least 35 GPa and the monotonic P dependence of the Sm
mean valence, vSm, is insensitive to the onset of MO[10].
Since valence fluctuations arise from high-energy elec-
tron dynamics reflecting Coulomb interactions in nar-
row quasiparticle bandwidth, the valence measured by
high-energy tools may not be sensitive to nonmagnetic-
magnetic changes in the ground state predominantly aris-
ing from low-energy magnetic correlations. As a way out
of the situation, we have carried out a systematic mea-
surement of vSm by X-ray absorption spectroscopy (XAS)
measurements for 1 < P < 13 GPa and 3 < T < 300 K.
The present results, in particular the T dependence of
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FIG. 1: (color on line) T dependence of the resistivity ρ at
8.2, 10.0, and 13.8 GPa. The arrow indicates TM ∼ 12 K.
Here, TM is determined as the temperature at which d
2ρ/dT 2
shows a minimum. For details, see Ref. [14].
vSm at different pressures, enabled us to notice the coex-
istence of two characteristic valence components: one is
associated with low-energy electronic correlations which
seem to control the ground state in this compound, and
the other is related to valence fluctuations in higher-
energy scheme.
Single crystalline samples of SmB6 were grown by a
floating-zone method using an image furnace with four
xenon lamps [11]. The XAS measurements near the
Sm L3-edge (6.72 keV) were performed at the beam-
line BL39XU of SPring-8, Japan [12]. Since the XAS
spectrum was slightly dependent on the thickness of
sample, we used a piece of SmB6 crystal having partly
constant thickness less than 10 µm. The XAS spec-
tra were recorded in the transmission mode using ion-
ization chambers. For the high pressure measurements,
the sample was loaded in a diamond anvil cell (DAC)
filled with a mixture of 4 : 1 methanol : ethanol as a
pressure-transmitting medium. Nanopolycrystalline di-
amond anvils were used to avoid glitches in the XAS
spectra [13]. All pressures were applied at room temper-
ature, and the data were acquired as the pressure cell was
heated from the lowest temperature ∼ 3 K. The calibra-
tion of pressure was performed at each temperature of
the measurement using the fluorescence from ruby chips
mounted with the sample inside the DAC. We have also
carried out the high pressure measurement of the resis-
tivity in order to detect the MO above Pc as done in
Ref. [6]. For the resistivity measurement, we used a sin-
gle crystalline sample from the same batch with that for
the XAS measurement, and the measurement was per-
formed using the D.C. four-terminal method. The high
pressure was generated using a DAC with NaCl as the
pressure-transmitting medium, and the pressure was cal-
ibrated at the lowest temperature of each measurement
by the ruby fluorescence method.
Figure 1 shows the T dependence of the electrical re-
sistivity ρ measured at different pressures around Pc. For
P < 10 GPa, ρ(T ) reveals a semiconducting increase
upon cooling down to ∼ 7 K, followed by a tendency of
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FIG. 2: (color on line) (a) P dependence of Sm L3-edge ab-
sorption spectra at 300 K. (b), (c) T dependence of XAS
spectra measured at almost constant pressures (b) P = 0.6
GPa (4 K) and 0.8 GPa (300 K), and (c) P = 12.4 GPa (3
K) and 12.8 GPa (300 K)).
saturation at lower temperatures. Although we cannot
discuss the absolute value of ρ in detail due to ambiguity
in the measurement of sample size, it is obvious that the
semiconducting behavior is weakened near Pc and ρ(T )
above 10.0 GPa exhibits a drop at ∼ 12 K [14]. This
phenomenon and the boundary temperature TM ∼ 12 K
and pressure Pc ∼ 10 GPa are in good agreement with
the previous report [6], indicating the appearance of the
MO above Pc in our sample as well.
Figures 2(a)-(c) show the Sm L3-edge absorption spec-
tra of SmB6. The intensity of the main peak at 6.722 keV
and the shoulder like structure at 6.715 keV correspond
to Sm3+ and Sm2+ components, respectively. When
pressure is increased at 300 K, the Sm3+ component is en-
hanced, while the Sm2+ component is reduced, consistent
with previous reports [10, 15] (see Fig. 2(a)). As temper-
ature increases, a similar shift toward the trivalent state
appears at low pressures (Fig. 2(b)), however it becomes
less pronounced under high pressure (Fig. 2(c)). The
observation of the two components is attributed to va-
lence fluctuation at a time scale slower than that probed
by XAS [14]. vSm is estimated from the relative inten-
sities of the Sm2+ and Sm3+ components in the XAS
spectra. Each component was modeled by the sum of
Lorentz functions and an arctangent function represent-
ing the continuum excitations [14].
The evaluated vSm is illustrated in Fig. 3(a) as func-
tions of pressure and temperature. The data points ac-
tually measured are also marked with the crosses. The
clamped pressure at room temperature inevitably varies
with temperature (in most cases, the pressure decreases
upon heating). Therefore, we assumed a linear relation
in between the neighboring vSm data points to construct
this contour plot. For T < 70 K, we can regard the pres-
sures to be almost constant as shown in Fig. 3(a). vSm
estimated in this T -range is presented in Fig. 3(b).
We extracted vertical vSm-T planes at constant pres-
sure from Fig. 3(a), which is presented in the inset of
Fig. 4(a). As temperature increases at 1 GPa, vSm in-
creases with a slight downward curvature, and the vSm-T
curves are more monotonic and smoother over the whole
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FIG. 3: (color on line) (a) P and T dependences of vSm.
The series of crosses connected by the broken lines are data
points actually measured. (b) T dependence of vSm below 70
K at different pressures from 3.4 to 12.1 GPa. The clamped
pressures are regarded as being almost T independent in this
low temperature region.
T range than shown in a previous report [15]. With in-
creasing pressure, vSm in the relatively higher tempera-
ture region (e.g. T > 150 K at 6 GPa) becomes less T
dependent. The T independent region gradually expands
toward lower temperatures with pressure. Such a pres-
sure induced change in vSm is clearly demonstrated in
Fig. 4(a), where we plot δv′Sm(T ) = vSm(T )− vSm(300K)
at various pressures. Although δv′Sm(T ) at 12 GPa still
shows a small decrease below ∼ 50 K, |δv′Sm(4K)| is re-
duced by about 70 % compared to that at 1 GPa. There-
fore one expects that |δv′Sm(4K)| will be further sup-
pressed at higher pressures than 12 GPa. In Fig. 4(b),
we plot −δv′Sm(4K) as a function of pressure. δv
′
Sm(4K)
is extrapolated to zero at P ∗ ∼ 15 GPa, indicating that
vSm hardly depends on temperature above P
∗.
The P dependence of vSm at 300 K, v
300
Sm (P ), is shown
in Fig. 4(b). Data at different temperatures are pre-
sented in Fig. 7(a) in Ref. [14]. As pressure increases,
vSm increases but the slope dvSm/dP gradually decreases,
consistent with the previous report [10]. Similar phe-
nomenon, except for the large deviation of vSm from
3 at Pc, is also observed in several Yb heavy fermions
which show the pressure induced nonmagnetic-magnetic
transition (see Ref. [14] or for example Refs. [16–18]).
In YbRh2Si2, which shows an antiferromagentic order
at extremely low temperature of 70 mK and hence is
thought to locate in the vicinity of nonmagnetic-magnetic
criticality at ambient pressure [19, 20], the Yb valence,
vYb, is larger than 2.9 as well [21]. The proximity of
vYb to 3 can be ascribed to the strong localization of
4f electrons due to marked lanthanide contraction char-
acteristic of the Yb systems. For Ce systems, Ce va-
lence, vCe, tends to deviate from 3 (4f
1) to 4 (4f0)
with pressure and the lanthanide contraction should be
smaller. CePd2Si2 and CeCu2Ge2 are driven through the
magnetic-superconducting transition by pressure, and
their vCe remains from 3.0 to 3.05 over the supercon-
ducting region (see Ref. [14] or Refs. [22, 23]). Although
there are only a few reports of vCe under pressure so
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FIG. 4: (color on line) (a) T dependence of δv′Sm(T ) =
vSm(T ) − vSm(300K) evaluated from Fig. 3(a). Inset: vSm-
T curves at representative constant pressures obtained from
Fig. 3(b). (b) The plots of δv′Sm(4K) (left axis) and v
300
Sm (P )
(right axis) as a function of pressure. The broken line is a
linear fit to the data for P ≥ 6 GPa. The solid line represents
a fit v300Sm (P ) = AP
α + v300Sm (0) to the data, giving α = 0.47
and v300Sm (0) = 2.57.
far, we have found no serious exception in the Ce and
Yb compounds in terms of the proximity to the trivalent
state at the onset of the MO.
The large deviation of vSm from 3 near the magnetic
instability, which is also indicated in Ref. [10], is observed
in other Sm compounds as well. SmS exhibits the pres-
sure induced MO from the intermediated valence state
(the so called “gold phase”) at Pc ∼ 2 GPa [24], and vSm
at Pc is comparable to that of SmB6 [25, 26]. SmOs4Sb12,
which is the weak ferromagnet with TC = 3 K, also shows
vSm ∼ 2.8 [27]. Interestingly, some of Eu compounds also
show the MO away from the magnetic divalent state: for
instance EuCu2(SixGe1−x)2 with 0 < x < 0.65 shows an
antiferromagnetic order at Eu valence 2.1 < vEu < 2.4
[28]. Therefore one may speculate that 4f6 state common
to both Sm and Eu ions plays any role in assisting the
long-range MO. However considering contribution of its
excited magnetic state (total angular momentum J = 1)
is unrealistic, because it should be extremely small due
to a Boltzman factor involving excitation energy ∆ (for
instance, ∆ = 420 K between the energy levels of J = 0
and 1 for the divalent Sm ion [29]).
According to the inset of Fig. 4(a), the T dependence
of vSm is characterized by two features: (i) an almost
T independent term seen in the higher temperature and
higher pressure region, and (ii) a T dependent part in the
rest region. For the latter, the vSm-T curve depends on
pressure as well, as indicated by Fig. 4(a). The deviation
of vSm from the trivalent state is therefore described as
the sum of the T and P dependent term δvSm(P, T ) and
the T independent term ∆vSm(P ):
vSm(P, T )− 3 = ∆vSm(P ) + δvSm(P, T ). (1)
Since δvSm(P, T ) is easily suppressed by the thermal ef-
fects of a few hundred Kelvins, this term should be con-
nected with the evolution of low-energy electronic cor-
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FIG. 5: (color on line) P and T dependences of δvSm. The
triangle and solid line indicate TM obtained from the present
resistivity measurement. The circles are quasiparticle band-
width estimated by NMR studies (the right axis) [2].
relations that can lead to the small modification of the
Sm valence. Such a T dependence of δvSm is consistent
with the T dependent amplitude of 4f states in con-
duction bands predicted by recent study of dynamical
mean field theory combined with density functional the-
ory that was made for ambient pressure [30]. Although
δvSm approaches 0 at high temperatures, vSm−3 < −0.2,
responsible for ∆vSm. This term, hardly dependent on
temperature up to at least 300 K, is related to the valence
fluctuations in higher-energy scheme through the large c-
f hybridization. The existence of the large hybridization
may be consistent with predictions by the band structure
calculations [5, 31]. In the above-mentioned Yb and Ce
compounds, the absolute value of the first term in Eq. (1)
is regarded much smaller than ∆vSm, implying that the
valence fluctuations are weak.
In order to evaluate δvSm(P, T ), we use the relation
∆vSm(P ) ∼= v
300
Sm (P ) − 3. v
300
Sm (P ) is consistent with the
recent report [10]. Since v300Sm (P ) approximately follows
a function of Pα with α ∼ 0.5 [14], we fit a power-
law form v300Sm (P ) = AP
α + v300Sm (0) to the data, giving
α = 0.47 and v300Sm (0) = 2.57 (the solid line in Fig. 4(b)
(right axis)). v300Sm (P ) does not saturate even at P
∗ [10],
where δvSm ∼ 0, suggesting the first and second terms in
Eq. (1) originate from different mechanisms. Extracted
δvSm(P, T ) using Eq. (1), which is equivalent to δv
′
Sm pre-
sented in Fig. 4(b), is shown in Fig. 5. Apparently the
low temperature state possessing finite δvSm is largely
suppressed by P = 7− 10 GPa, in good agreement with
Pc [32]. Figure 5 suggests that, if the electronic system
in SmB6 is cooled with little δvSm, which is the case for
P ≥ 10 GPa, it falls into the magnetically ordered ground
state. Therefore the evolution of low-energy electronic
correlations seems to impedes the long-range MO.
Interestingly, although ∆vSm gives a dominant contri-
bution in Eq. (1) (i.e. |∆vSm| > 0.2≫ |δvSm|), it is small
δvSm that plays a key role in determining the ground
state in this compound. To examine the origin of δvSm,
we compare it with the P dependence of quasiparticle
bandwidth W estimated from the measurement of nu-
clear spin lattice relaxation rate T−11 of nuclear magnetic
resonance (NMR) [2] in Fig. 5. The T1 measurement in
heavy fermion materials predominantly probes the prop-
erties of heavy quasiparticles, since T−11 is approximately
proportional to the square of the density of states near
Fermi level. W significantly decreases with pressure and
seemingly approaches to zero around Pc, indicating that
applying pressure induces the localization of f electrons
and the evolution of heavy fermion state, as W ∼ kBTK,
where TK is Kondo temperature. The good agreement
between the P dependences of δvSm and W (see for ex-
ample the contour line of δvSm = −0.02) suggests that
the increase in |δvSm| reflects the evolution of Kondo ef-
fect.
Indeed, Fig. 5 resembles the general phase diagram
expected for the heavy fermions where the ground state
changes from the so called Kondo lattice state to an MO
phase as the localization of f electrons is increased by an
external parameter, including pressure. Thus, Fig. 5 tells
us that the finite |δvSm| and the MO are brought about
by relatively localized electrons. Recently, Barla et al. [7]
suggested that, in the low pressure region, kBTK prevails
over crystalline electric field splitting [33] and magnetic
moments cannot interact due to their uncorrelated fast
fluctuations. In this context, the suppression of δvSm
at high pressures in Fig. 5 should be favorable for the
appearance of long-range MO, because it is plausibly re-
lated to the decrease in TK as mentioned above.
The phenomenologically extracted Eq. (1) suggests the
coexistence of two different characteristic valence compo-
nents: large |∆vSm| naturally indicates the existence of f
electrons considerably hybridized with conduction bands,
while small |δvSm| is accounted for within Kondo regime
for which relatively localized electrons are responsible.
To understand this, one may need to consider a peculiar
mechanism such as the coexistence of weak and strong
hybridizations in multi f electrons system, as proposed
in U compounds [34]. Yotsuhashi et al. have shown that
the orbital dependence of hybridization and the effect of
Hund’s-rule coupling can bring about itinerant-localzied
duality in a multi-localized electron system [35]. On the
other hand, the fact that vCe and vYb are close to 3 at
the onset of MO in many Ce and Yb compounds sug-
gests that distinct duality is hardly realized in the one
4f electron/hole configuration. To detect the localized
electronic character blurred in strongly hybridized elec-
trons, further experiments in the vicinity of Pc, including
NMR being sensitive to localized and/or magnetic mo-
ments, are indispensable.
In summary, we have carried out XAS measurements
in the ranges of 1 < P < 13 GPa and 3 < T < 300 K to
estimate the Sm valence of SmB6. The pressure induced
MO of the sample was detected for P > Pc = 10 GPa
by resistivity measurements. The increase in vSm with P
and/or T indicates the localization of 4f electrons, anal-
ogous with the trend of Yb heavy fermion compounds
which show a pressure induced nonmagnetic-magnetic
transition. However, the large deviation of vSm from 3 at
5Pc, as well as in some other Sm compounds, is remark-
ably different from the known cases in the Yb and Ce
compounds. We found that vSm is decomposed into two
components: one is associated with low-energy electronic
correlations and the other with high-energy valence fluc-
tuations. The P -T plot of the former component along
with the MO phase closely resembles the general phase
diagram of heavy fermions.
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